SUMMARY The feasibility of using the cold pressor test and the sustained isometric handgrip test as alternatives to dynamic exercise for stressing the heart was investigated. Serial changes in heart rate, blood pressure, and left ventricular performance induced by these tests were studied by radionuclide ventriculography in patients with coronary artery disease and in normal volunteers. Both tests significantly increased heart rate and blood pressure. The reproducibility of serial evaluation of ejection fraction response to cold pressor and isometric handgrip stresses was satisfactory but the sensitivity for detecting coronary artery disease was not.
Stressing the heart may uncover latent abnormalities of myocardial contractility. For example, patients with stable angina pectoris may have normal ventricular function at rest but may develop abnormalities during stress. Several interventions have been used to stress the heart during examination by radionuclide ventriculography. These include increasing left ventricular afterload by administering drugs such as angiotensin1 2 Accepted for publication 24 November 1986 used to determine serial changes in the same patient.
We have investigated the usefulness of both these interventions in the detection of coronary artery disease and their reproducibility in serial studies of left ventricular function.
Patients and methods
The protocol was approved by our local ethics committee and the Administration of Radioactive Substances Advisory Committee gave us permission to administer technetium-99m to three groups of subjects:
Group 1 Sixteen symptom free male volunteers were recruited from hospital staff and associates. All were in sints rhythm; they were normotensive and lifelong non-smokers. They all had normal electrocardiograms at rest and during maximal graded exercise on a modified Bruce protocol. 13 The chest x ray and the cardiothoracic ratio were normal, and no subject was taking any medication at the time of the study. None had evidence of valvar or congenital heart disease, respiratory disease, or peripheral vascular disease and all were presumed to have normal hearts (table 1) . Table 1 Data on controls and subjects with coronary artery disease (CAD) Group 2 We also studied 20 male patients (mean age (SD) 54 (8) years) in whom a diagnosis of coronary artery disease and stable angina pectoris (New York Heart Association grade II or III) had been confirmed by a positive exercise electrocardiogram and also by evidence of coronary artery disease at coronary arteriography (n = 8) or by a documented history of myocardial infarction (n = 12). A stenosis of a major artery of >70% of the luminal diameter was regarded as significant coronary artery disease and a myocardial infarction was diagnosed on the basis of a prolonged episode of central chest pain, with characteristic electrocardiogram and cardiac enzyme changes, occurring at least one year before the study. These subjects had normal or nearly normal resting ejection fractions (range of 50-79%) (table 1) . None had a history of or evidence of respiratory disease, valvar or congenital heart disease, unstable angina, cardiac arrhythmias or conduction abnormality, or cardiac failure. In the two weeks before the study they had taken only glyceryl trinitrate.
Group 3
To assess the variability of the resting ejection fraction and its response to the cold pressor test and sustained isometric handgrip exercise we studied 20 patients with chronic stable angina. Each underwent radionuclide ventriculography with a cold pressor test and sustained isometric handgrip exercise; ventriculography was repeated three times at intervals. After a baseline measurement, repeat studies were performed three and six months later. All were taking propranolol 80 mg three times a day and glyceryl trinitrate for chest pain. This treatment had been established for at least three months before these studies and remained unchanged. caudal tilt. The same angle was used for each individual study interval. We used a Technicare Sigma 410 large field camera with a general all purpose low energy (140 KeV) parallel hole collimetor. Before each set of investigations the camera uniformity correction memory was calibrated with a technetium99m flood field. An electrocardiographic signal from the patient obtained on an Elcomatic EM810 monitor was used to trigger the computer to record images synchronised with the R wave. Images in histogram mode in 16 sequential frames in a 64 x 64 data matrix with the zoom set at x 3 were stored in an ADAC (CGR) 7310 computer. Data collection stopped automatically after six minutes for resting studies and five minutes for stress studies. We used a framing rate of 16 frames per second for all studies. At the start of each study the computer calculated an average beat to beat interval from several cycles and then accepted image information from beats falling within a window (± 20%) about the centre frequency. In the resting studies the centre frequency remained fixed throughout each study interval, thus excluding ectopic complexes. During stress studies the computer recalculated the mean beat to beat interval as the heart rate increased and thus retained the ability to reject ectopic complexes as it tracked steady changes in heart rate.
The composite 16 
Results
Both the cold pressor test and sustained isometric handgrip exercise were tolerated well by all subjects. In each subject the tests were completed without the development of chest pain or electrocardiographic evidence of ischaemia. Several individuals complained of pain in the immersed hand during the cold pressor test which was most pronounced in the During the cold pressor test those with coronary artery disease (group 2) increased their heart rate by a mean maximum of 100% and the systolic blood pressure by 26%. In the controls (group 1) these variables increased by 10% and 31% respectively; diastolic blood pressure increased by a similar degree in both groups (table 3) .
The maximum increase (mean (SD)) in heart rate during sustained isometric handgrip exercise was 14 (1 1) beats per minute (p < 0 001) in those with coronary artery disease (group 2) and 14 (13) beats per minute (p < 0-01) in the normal subjects (group 1); the difference between groups was not statistically significant. Systolic blood pressure increased by a mean (SD) of 51 (18) mm Hg in those with coronary artery disease (p < 0 001) and by 38 (21) mmHg in controls (p < 0 01); the difference was not statistically significant.
During the cold pressor test, heart rate increased by a maximum of 10 (10) beats per minute in those with coronary artery disease (group 2) and by 8 (6) in controls (group 1); this difference between groups was not statistically significant. Systolic blood pressure increased by a mean of 39 (18) mmHg (p < 0-001) in those with coronary artery disease and by 44 (23) (p < 0 001) in controls; the difference in response between the groups was not significant.
During sustained isometric handgrip exercise, heart rate and systolic blood pressure rose in all subjects. During the cold pressor test, heart rate fell in one subject with coronary artery disease and in two controls. Systolic blood pressure rose in all subjects.
Sustained isometric handgrip exercise caused greater heart rate and blood pressure responses than the cold pressor test, but these differences were not statistically significant. Maximal haemodynamic responses tended to occur 3-5 minutes into the sustained isometric handgrip exercise test and 1-3 minutes into the cold pressor test. The timing of these maximal responses was similar in groups 1 and 2.
In both tests the haemodynamic response was evident during the first minute and was maintained for the five minute period of imaging.
VARIABILITY OF EJECTION FRACTION DETERMINATIONS
We assessed the variability of ejection fraction measurements from two sequential resting studies in the 16 normal control subjects (group 1). Si-3 = studies 1-3. Northcote, Cooke with coronary artery disease, but there was no significant reduction in any of the controls. The ejection fraction increased in three controls and in two patients with coronary artery disease; the increase was significant in one patient from each group. Thus the sensitivity of the handgrip test for the detection of coronary artery disease was 15% and the specificity was 100%.
When both tests were combined the sensitivity increased to 35% and the specificity remained at 85%.
Discussion
The cold pressor test and sustained isometric handgrip exercise have been used in previous studies to unmask latent abnormalities of left ventricular function and to aid in the diagnosis of coronary artery disease.6 7 10 17 21-25 The reproducibility of the responses to these interventions has not been adequately assessed. We have found these interventions to be useful for comparative studies because of their ease of application and ability to stress the myocardium without inducing angina pectoris or ST segment changes indicative of ischaemia. In comparison, dynamic exercise tends to cause these phenomena in a high proportion of subjects undergoing radionuclide ventriculography.6 Both tests were simple and accessible and they were less cumbersome and time consuming than dynamic exercise.
COLD PRESSOR TEST
Heart rate and blood pressure In patients with coronary artery disease and in normal controls heart rate increased by a mean of 10% in both groups and systolic pressure increased by 26% and 310% respectively. All these increases were statistically significant; but there were no significant differences between the two groups. Previous studies ( This variability of heart rate and systolic blood pressure response in these studies may be because the cold pressor test was differently applied in different studies. In the present study, the hand was immersed in iced water (0-2°C) up to the level of the styloid process and the ice and water mixture was stirred continuously to maintain a constant adequate cold stimulus; also a fresh ice and water mixture was prepared for each patient. If this is not done the cold stimulus may be inadequate; this may explain the early decay in haemodynamic response reported by Dymond et al27 but not by others.6 10 The haemodynamic response to the cold pressor test reaches a maximum 60-90 seconds after immersion and basal values are quickly restored after the hand is withdrawn.6 28 -30 In our patients the haemodynamic responses were evident throughout the five minutes of imaging although some decay was noted after three minutes.
The haemodynamic changes are mediated by a predominantly oc adrenergic stimulus3 ' and an increase in systemic and pulmonary vascular resistance.28 32 These haemodynamic changes increase myocardial oxygen consumption. Such changes may be enough to precipitate ischaemia in those with pre-existing coronary artery disease.
Radionuclide ventriculography
The cold pressor test induced significant falls in left ventricular ejection fraction in both normal subjects and patients with coronary artery disease; the difference between the two groups was not statistically significant. Two previous studies have reported falls in the ejection fraction in response to the cold pressor test,' 025 whereas others have noted no change or a small increase.6 7 17 22 In contrast, all studies consistently report falls in ejection fraction in patients with coronary artery disease. These range from a mean of -3 to -13% (table 7) .
Thus the response to cold pressor test in normal subjects is inconsistent. This may be explained by differences in study protocol-in some studies images were collected for two minutes1' and in others for five minutes,6 in the latter study imaging was delayed for one minute. Dymond et al used sequential first pass radionuclide ventriculography during cold pressor test. They found that the ejection fraction fell significantly in both controls and those with coronary artery disease after one minute; but this fall was maintained at 2-5 and 4 minutes only in those with coronary artery disease.27 In both groups the maximum reduction in ejection fraction occurred after one minute, despite the rise in blood pressure reaching a maximum after 2-5 minutes. They postulated that changes in afterload induced by cold pressor test are not the only reason for changes in left ventricular function. They concluded that left ventricular function changes rapidly during a period of cold stimulation, and that if the prime purpose is to detect coronary artery disease it would be prudent to delay the onset of imaging for one minute because normal subjects will be less likely to show a fall in ejection fraction after this. It is possible that individuals with coronary artery disease will respond by a sign'ificant reduction in ejection fraction either to the cold pressor test or to the sustained isometr'ic handgrip exercise but not to both. When the results of both tests were combined, however, the sensitivity improved to only 35%.
Variability of ejection fraction responses
Because we used a fully automatic method of analysing radionuclide ventriculograms we eliminated intra-and interobserver variation.
Two sequential resting studies in the normal controls gave a coefficient of variance of 5% and a correlation coefficient of 85%. No significant differences were found between studies for any indices of left ventricular function. In addition, the results were used to calculate the absolute change from normal that would be regarded as significant in our laboratory. The spontaneous variability in ejection fraction of 12% or more that we used to exclude non-random physiological change is more than that found in some laboratories6 12 37 In those with subno;mal basal ventricular perNorthcote, Cooke formance, the ventricle may already be working at close to maximal effort and will therefore be less likely to manifest comparable spontaneous fluctuations in ejection fraction. Thus the variability in our repeat studies in normal subjects is probably higher than the variability that would be shown by a group of patients with coronary artery disease. In the present study large (up to 13%) individual interstudy differences were noted although the mean difference between the first and second study was -1 2 (6 16). Large individual changes (up to 21%) with a mean change of + 4 6 (4 70) were reported by Wackers et al in a similar study population. 39 The 40 In the present study, no normal subject had an increase in ejection fraction during the cold pressor test and three had significant (> 12%) falls in ejection fraction. Although the mean fall in ejection fraction was greater in patients with coronary artery disease, the sensitivity (30%) and specificity (38%) in this group showed that in our laboratory and with this protocol the cold pressor test is not a useful intervention for the detection of coronary artery disease. It Several studies have assessed the value of cold pressor test in detecting coronary artery disease. In studies comparing it with dynamic exercise Manyari et al17 and others7 22 25 have found it to be an inferior discriminator although possibly useful in subjects who are unable to perform dynamic exercise.
Though the sustained isometric handgrip exercise test produced greater increases in heart rate and blood pressure than the cold pressor test, it was only successful in detecting three subjects with coronary artery disease and gave a sensitivity of only 15%. The specificity was more acceptable, however. Several studies that compared sustained isometric handgrip exercise with dynamic exercise showed that it was of limited value in the detection of coronary artery disease.4143 In contrast, Bodenheimer et al, using radionuclide ventriculography, found a sensitivity of 86% and specificity of 87%. 8 
